There exist a number of mathematical problems in the literature concerning warehouse storage optimization. However, to the best of our knowledge the problem of finding optimal slot sizes in pallet rack system minimizing the occupied storage space is not studied. More precisely, the problem is to optimally choose k of m pallet racks with pallets in a warehouse, find optimal slot sizes in pallet racks for these pallets, and reassign the pallets to the new slots in order to reduce the occupied space maximally. In this paper we suggest a dynamic programming heuristic which finds optimal slot sizes for the given number k of pallet racks in a warehouse. Our computational experiments are based on real-life data and demonstrate the efficiency of the suggested algorithm.
Introduction
Warehouse optimization is a well known area of discrete optimization. Many practical problems concerning the location and design of warehouses are discussed. For detailed reviews of papers on warehouse design and operations see Berg (1999) [5] , Koster et al. (2007) [1] , and Gu et al. (2007) [3] .
To the best of our knowledge, there is currently no research on slot sizes optimization. In practice it is usually possible to change the sizes of slots in a pallet racking, using, for instance, boltless selective pallet rack. Unfortunately, this possibility is not enough studied in the literature and applied in practice. The main reasons are the underestimated profit of such optimization and overestimated cost of warehouse reorganization. In this paper we suggest a heuristic for pallet racking reorganization and demonstrate the efficiency of this approach on real-life data. We study empirically how much space we can free by reorganizing the certain number of pallet racks.
The paper is organized as follows. In the next section we provide an integer linear programming formulation of the considered problem and show the computational complexity of this problem. In the third section we introduce our heuristic algorithm for solving this problem. In the fourth section the computational results for real-life data are given.
Problem formulation
The optimization problem we consider consists in optimal reorganization of pallet racking. Assume that we can reassign pallets located on some racks in order to reduce the wasted space above each pallet. Such a "reorganization" reduces the used space. To estimate the profit of such a reorganization we measure how much space we are able to reduce for the certain number of reorganized racks.
We ignore a beam height, because one can always assume, that the beam is a part of a pallet, so the height of the beam is a part of the pallet's height. Let us also assume, that all the pallets are already located in certain slots in a warehouse. We will call a single pallet rack a "box".
The problem can be described as follows. There are m boxes with a fixed height H and n (n ≥ 2) pallets with an arbitrary height h i (1 ≤ h i ≤ H) in a warehouse. There is a number of slots in each box separated by load beams at arbitrary height. Every pallet is located in one slot and every slot contains at most one pallet. The goal is to reorganize exactly k boxes such that the total number of boxes occupied with pallets is minimized.
Below we provide an Integer Linear Programming (ILP) formulation of the problem. The following parameters and decision variables are used in the ILP model.
Parameters:
. . , m} -the initial assignment of pallets to boxes:
H -the height of a box; k -the number of boxes to be reorganized; m -the total number of boxes in a warehouse. Decision variables:
The ILP model of the problem is as follows:
m j=1
The objective is to minimize the total number of boxes used for reallocated pallets (1). Constraint (2) reflects the limited capacity of boxes. The total height of the pallets located in one box cannot be greater than H. No pallets can be assigned to a box which is not used. This problem is strongly NP-hard. The special case of this problem for k = m is equivalent to the Bin Packing Problem, where the height of boxes is the size of bins and the pallet sizes are the sizes of items. The Bin Packing Problem is known to be a strongly NP-hard problem (Garey & Johnson, 1979 [2] ), therefore there is no pseudopolynomial algorithm for our problem unless P = NP.
Algorithm description
Let us consider the following problem. There given n pallets of arbitrary size and k boxes of size H. All the pallets should be placed to the boxes so that the total number of boxes occupied by the pallets is minimized. It is easy to see, that this problem can be reduced to the knapsack problem (Martello & Toth, 1990 [4] ). Let us call the well-known dynamic scheme for solving the knapsack problem "KnapsackDynamic". We can repeat this dynamic scheme, applying it separately to each of k boxes in the way, shown in the pseudocode below.
We choose k boxes with the smallest total loading, take all pallets from these boxes and put them into the set A of pallets to be relocated. We fill a new box using the KnapsackDynamic procedure for this set, and then remove the allocated pallets from it. This procedure is repeated while the set of pallets is not empty. The corresponding pseudo-code is presented below. The following variables A j are used in this pseudo-code: A j = {i : x 0 i j = 1}. A j is the set of pallets initially assigned to box j.
Data: k;n;m;H;[h i ];[A j ]
Result: S = { j 1 , ..., j k } -the set of reorganized boxes; r -the number of boxes occupied with the relocated pallets; A j , j ∈ {1, ..., r} -the j-th set of the relocated pallets assigned to one box. S ← ∅ B ← {1, ..., m} // boxes for reorganization
A j // the set of all pallets to be relocated
Algorithm 1: Heuristic Algorithm
Computational results
We use real-life data for computational experiments. A pallet racking consists of slots of arbitrary height. The heights and other parameters of slots are given in appendix. We do not provide the heights of pallets because We apply our algorithm to the generated instances. The optimization of such pallet assignments is possible due to the difference between the heights of pallets and slots. For each t and q the computation is repeated 100 times. In case where it is impossible to assign the generated pallets set to the given storage, the generation is rerun.
The computational results are presented in Table 1 . Parameters t and q are described above, "min" is the minimum obtained reduction of the initial storage space, "max" is the maximum reduction, and "average" is the average reduction over all 100 runs.
In Table 2 the information on the considered warehouse is given. The first three columns show a slot size. The fourth column gives the height of a slot after removing the height of a beam. In the last column there is the quantity of slots with the given parameters. The obtained improvement depends on the number of reorganized boxes as it is shown in Figure 1 . This graph shows an approximately logarithmic dependency of the number of freed boxes from the number of reorganized boxes. This means that reorganization of a small number of boxes gives a profit, which decreases when the number of reorganized boxes increases. Such a dependency can be obtained for other instances with different number of boxes.
